Abstract. Trastuzumab emtansine (T-DM1) is an antibody-drug conjugate (ADC) therapeutic for treatment of human epidermal growth factor receptor 2 (HER2)-positive cancers. The T-DM1 dose product contains a mixture of drug-to-antibody ratio (DAR) moieties whereby the small molecule DM1 is chemically conjugated to trastuzumab antibody. The pharmacokinetics (PK) underlying this system and other ADCs are complex and have not been elucidated. Accordingly, we have developed two PK modeling approaches from preclinical data to conceptualize and understand T-DM1 PK, to quantify rates of DM1 deconjugation, and to elucidate the link between trastuzumab, T-DM1, and DAR measurements. Preclinical data included PK studies in rats (n=34) and cynomolgus monkeys (n=18) at doses ranging from 0.3 to 30 mg/kg and in vitro plasma stability. T-DM1 and total trastuzumab (TT) plasma concentrations were measured by enzyme-linked immunosorbent assay. Individual DAR moieties were measured by affinity capture liquid chromatography-mass spectrophotometry. Two PK modeling approaches were developed for T-DM1 using NONMEM 7.2 software: a mechanistic model fit simultaneously to TT and DAR concentrations and a reduced model fit simultaneously to TT and T-DM1 concentrations. DAR moieties were well described with a three-compartmental model and DM1 deconjugation in the central compartment. DM1 deconjugated fastest from the more highly loaded trastuzumab molecules (i.e., DAR moieties that are ≥3 DM1 per trastuzumab). T-DM1 clearance (CL) was 2-fold faster than TT CL due to deconjugation. The two modeling approaches provide flexibility based on available analytical measurements for T-DM1 and a framework for designing ADC studies and PK-pharmacodynamic modeling of ADC efficacy-and toxicity-related endpoints.
INTRODUCTION
Antibody-drug conjugates (ADCs) are a relatively new promising class of compounds in clinical development for the treatment of cancer (1) (2) (3) (4) . They harness the targeting capability and long half-life of antibodies to deliver potent small molecule cytotoxins that may be too toxic to directly administer and/or have poor pharmacokinetic (PK) properties. ADCs made via conventional drug conjugation strategies (using lysine side-chain amines or sulfhydryl groups for conjugation) are complex, heterogeneous mixtures of various drug-to-antibody ratio (DAR) moieties. Understanding the PK underlying these ADCs has been elusive, primarily due to the lack of analytical techniques capable of readily measuring the individual DAR moieties comprising the ADCs. Herein, we present a novel modeling and simulation (M&S) analysis of an ADC, trastuzumab emtansine (T-DM1), to elucidate the complex PK and provide an M&S platform for the ongoing clinical development of T-DM1 as well as other ADCs.
T-DM1 is an ADC for the treatment of human epidermal growth factor receptor 2 (HER2)-positive cancers (5, 6) . The antibody backbone of T-DM1 is trastuzumab (Herceptin®), a recombinant, humanized anti-HER2 monoclonal IgG antibody approved in 1998 for the treatment of HER2-positive metastatic breast cancer. DM1 is a small molecule cytotoxin, a potent derivative of the microtubule inhibitor maytansine, which was abandoned as a chemotherapeutic due to a narrow therapeutic index (3) . T-DM1 is synthesized via conventional ADC strategies, whereby DM1 is chemically linked to lysine residues on trastuzumab via a stable nonreducible ("noncleavable") thioether bond using the SMCC (N-succinimidyl-4-(N-maleimidomethyl)-cyclohexane-1-carboxylate) linker. Following uptake via the HER2 receptor, T-DM1 is degraded in the lysosome; DM1, and DM1-containing catabolites, are thus released intracellularly and bind tubulin, thereby disrupting microtubule assembly/disassembly and selectively killing HER2-overexpressing tumor cells (7, 8) .
During T-DM1 synthesis, DM1 may conjugate to one or more lysine residues on trastuzumab yielding a dose product containing a mixture of different numbers of DM1 per trastuzumab antibody; summation of these individual DAR and free trastuzumab (i.e., unconjugated DAR 0 ) concentrations are equivalent to the total trastuzumab (TT) concentration. These different DAR moieties may have unique PK and/or pharmacodynamic (PD) characteristics. For T-DM1 efficacy, both ADC and TT concentrations are relevant as T-DM1 retains the antitumor mechanism of trastuzumab (9) thought to involve HER2 signal inhibition (10) .
Quantification of the DAR moieties comprising ADCs is not routinely performed; the standard enzyme-linked immunosorbent assay (ELISA) either measures ADC concentrations (antibody bearing at least one cytotoxin) or total antibody concentrations (antibody with or without cytotoxin) and do not differentiate individual DAR moieties (11) . Recently, an affinity capture liquid chromatography-mass spectrophotometry (LC-MS) assay has been developed to measure the individual DAR moieties comprising ADCs (12, 13) . For T-DM1, this assay detected 0-7 DM1 per trastuzumab (i.e., DAR 0 -DAR 7 ) with an average DAR of 3.1. This manuscript describes the development of a mechanistic PK model of T-DM1 using affinity capture LC-MS data from preclinical in vitro and in vivo PK experiments in rats and cynomolgus monkeys. The model conceptualizes the PK system for T-DM1 down to its individual DAR moieties and quantifies their distribution, elimination, and rates of DM1 deconjugation. Additionally, a reduced T-DM1 PK model based on ELISA measurements of TT and T-DM1 was developed, which provided modeling flexibility for ADCs given that affinity capture LC-MS analysis may not always be available. The application of these models towards preclinical and clinical development of T-DM1 and other ADCs is discussed further. Table I presents the data from preclinical in vitro plasma stability experiments and in vivo PK studies in rats (n=34) and cynomolgus monkeys (n=18), which was used for model development. The PK studies in rats were approved by Institutional Animal Care and Use Committee (IACUC) and conducted at Genentech, Inc. The PK studies in cynomolgus monkeys were approved by IACUC and conducted by Covance Laboratories, Inc. (Covance; Madison, WI).
MATERIALS AND METHODS

Preclinical PK Studies
Preparation of T-DM1 DAR 3.1 and T-DM1 DAR 1.5 Dose Products
Two different preclinical T-DM1 dose products were prepared by regulating the amount of SMCC linker added during the manufacturing process. Specifically, less SMCC linker was added to generate the T-DM1 DAR1.5 dose product compared with more SMCC linker added to generate the T-DM1 DAR 3.1 dose product. The T-DM1 DAR3.1 dose product (average DAR=3.1) contained DAR 0 -DAR 7 moieties with the following percentages as measured by affinity capture LC-MS: 2% DAR 7 , 5% DAR 6 , 10% DAR 5 , 19% DAR 4 , 26% DAR 3 , 23% DAR 2 , 13% DAR 1 , and 2% unconjugated antibody (DAR 0 ). The T-DM1 DAR1.5 dose product (average DAR=1.5) contained DAR 0 -DAR 5 moieties with the following percentages as measured by affinity capture LC-MS: 1% DAR 5 , 4% DAR 4 , 13% DAR 3 , 26% DAR 2 , 35% DAR 1 , and 21% DAR 0 .
T-DM1 Plasma Stability Study
T-DM1 (100 μg/mL) was incubated in rat and cynomolgus monkey plasma and in buffer control at 37°C. Samples (one per time point) were collected at 0 and 5 min; 1 and 4 h; and 1, 2, and 4 days postdose for measurement of TT and DAR concentrations. Pooled lithium-heparinized rat and cynomolgus monkey plasma (Bioreclamation, Hicksville, NY) was used. The buffer control was phosphate-buffered saline (PBS) containing 0.5% bovine serum albumin (BSA, pH 7.4; Sigma-Aldrich, Inc., St. Louis, MO).
T-DM1 PK Studies in Rats
Two PK studies were conducted in vivo in rats. In the first study, ten naïve Sprague-Dawley rats (n=5 rats/group) were administered a single intravenous (IV) dose of 10 mg/kg T-DM1 DAR3.1 or 10 mg/kg T-DM1 DAR1.5 . Three of the five rats For the second PK study, T-DM1 DAR3.1 was administered as a single IV dose at 0.3, 3.0, and 20.0 mg/kg (n=7-9 Sprague Dawley rats/group). Blood samples were collected at the following time points: 3 min; 1 and 6 h; and 1, 2, 3, 4, 7, 8, 11, 14, 21, 29, 35 , and 42 days postdose. Blood samples were processed for TT and T-DM1 concentrations. Rats weighed between 193 and 283 g from both studies.
T-DM1 PK Studies in Cynomolgus Monkeys
T-DM1 DAR3.1 was administered to cynomolgus monkeys both as a single IV dose at 30 mg/kg (n=2 males (M) and 2 females (F) per group), as well as every 3 weeks (q3w) for four doses at 10 mg/kg (n=7 M and 7 F/group). All animals were approximately 3-5 years old. Male cynomolgus monkeys weighed 3.0-4.5 kg and female cynomolgus monkeys weighed 2.6-3.0 kg; the average weight was 3.5 kg. Blood samples were collected via the femoral vein.
For the single-dose (30 mg/kg) study, blood samples were collected as follows: 2 min; 4 and 12 h; and 1, 2, 3, 5, 7, 10, 14, 21, and 28 days postdose. Samples were processed for TT, DAR, and T-DM1 concentrations.
For the multiple-dose study (10 mg/kg q3w), blood samples were collected as follows for the first dose: predose and 5 min; 6 and 10 h; and 1, 3, and 6 days postdose. Blood samples were collected as follows for the second and third doses: pre-dose and 5 min postdose. For the final fourth dose, blood samples were collected predose and 5 min; 10 h; and 1, 3, 5, 7, 14, 21, 30, and 42 days postdose. Samples were processed for TT and T-DM1 concentrations.
ELISA
TT Concentrations
TT concentrations were measured using a HER2 extracellular domain (ECD) for capture and antihuman Fchorseradish peroxidase (HRP) as the secondary antibody. This assay measured trastuzumab antibody both with and without conjugated DM1, i.e., DAR 0 -DAR 7 . The lower limit of quantification (LLOQ) defined by the low end-of-assay reporting range was 0.164, 0.164, and 0.400 ng/mL for the plasma stability, in vivo rat PK, and in vivo cynomolgus monkey PK studies, respectively.
T-DM1 Concentrations
T-DM1 concentrations were measured using an anti-DM1 antibody for capture and biotinylated HER2 ECD and streptavidin-HRP for detection. The assay measured any trastuzumab antibody with one or more DM1 molecules conjugated to it, i.e., DAR 1 -DAR 7 . The LLOQ defined by the low end-of-assay reporting range was 0.164, 0.0660, and 0.300 ng/mL for the plasma stability, in vivo rat PK, and in vivo cynomolgus monkey PK studies, respectively.
Affinity Capture LC-MS Assay
An affinity capture LC-MS assay measured the relative intensities of the various DAR moieties in plasma (12, 13) .
Experimental
Biotinylated HER2 ECD was immobilized onto streptavidincoated paramagnetic beads (Invitrogen, Carlsbad, CA). Plasma samples were incubated with paramagnetic beads for approximately 2 h at room temperature. Following the affinity capture process, the bound ADCs were isolated, washed, and deglycosylated on the beads by incubating with PNGase F (Prozyme, USA) in HBS-EP buffer (GE Healthcare, USA) at 37°C overnight. Subsequently, the beads were washed extensively by HBS-EP and water, and the T-DM1 DAR moieties were then eluted by 30% acetonitrile in water for affinity capture LC-MS analysis. A volume of 10 μL of the eluate was injected onto a PLRP-S column (50×0.3 mm, 5 μM, 4,000 Å, Agilent) with a 15 μL/min flow rate. Typical mobile phase (acetonitrile and water containing 0.1% formic acid) was used. T-DM1 moieties were ionized by electrospray ionization and detected by a Q-Star XL mass spectrometer (AB Sciex) operated in the positive time-offlight-mass spectrometry (TOF-MS) mode. Raw data of T-DM1 DAR moieties was deconvoluted using Analyst QS 1.1 software, and peak area under curve (AUC) was obtained for T-DM1 moiety.
DAR Concentrations
The percentage of each DAR (DAR 0 -DAR 7 ) moiety in plasma samples was calculated from its relative signal intensity. The individual DAR plasma concentrations were then obtained by multiplying these individual percentages by the TT concentration (from ELISA) at the respective time. This procedure was used for the in vitro plasma and in vivo cynomolgus monkey PK experiments. For the in vivo rat PK experiments, blood sample limitations necessitated that TT concentrations (from ELISA) were averaged from two rats. DAR plasma concentrations for the other three of five rats were obtained by multiplying their individual DAR percentages by this average TT concentration at respective times. No adjustment was made to correct DAR concentrations as the difference in molecular weight between DAR moieties was~0.5%.
T-DM1 PK Model Development
Two PK models describing T-DM1 disposition were developed based on the preclinical data. These two models, i.e., a "mechanistic" and a "reduced" model, intended to provide modeling flexibility given the availability of antibody, ADC, and DAR measurements, for future studies with T-DM1 as well as for other ADCs in development. Figure 1a shows a schematic of the mechanistic T-DM1 PK model. This model was fit simultaneously to (1) TT and DAR 0 -DAR 7 concentration-time data from both in vitro plasma stability and in vivo rat experiments and (2) TT and DAR 0 -DAR 7 concentration-time data from both in vitro plasma stability and in vivo cynomolgus monkey experiments. The in vitro data provided additional DM1 deconjugation data to support parameter estimates and to test the assumption that in vitro and in vivo DM1 deconjugation rates are similar. The two T-DM1 dose products (T-DM1 DAR3.1 and T-DM1 DAR1.5 ) provided different starting conditions to test the assumption that individual DAR moieties (i.e., DAR 7 , DAR 6 , etc.) have similar disposition, regardless of whether they are initially present in the dose product or formed during the deconjugation process.
Mechanistic T-DM1 PK Model
As shown in Fig. 1a , individual DAR moieties are linked together through a catenary chain of subcompartments within the central compartment (V 1 ) of a three-compartment model. DAR moieties undergo distributional clearance (CLd 2 and CLd 3 ) into two peripheral compartments (V 2 and V 3 ) and are cleared from the central compartment through antibody clearance (CL TT ) processes. CL TT was parameterized as composed of a first-order antibody degradation rate constant (k plasma ), supported by the in vitro plasma stability data, and in vivo antibody clearance processes (CL in vivo ). Individual rates of DM1 deconjugation from DAR moieties were modeled using first-order rate constants (k n→n−1 ), where n is the higher DAR moiety, and n− 1 is the subsequent DAR moiety in the catenary chain.
For model building, the following procedure was taken: (1) TT concentrations were modeled first and indicated that a threecompartment model best fit the data; (2) all DM1 deconjugation rate constants (i.e., k 7→6 -k 1→0 ) were initially estimated; results indicated that k 7→6 -k 3→2 were of similar values. Therefore, a stepwise approach was taken, which first assumed that all deconjugation rate constants were equivalent, that is k 7→6 =k 6→ 5 =k 5→4 =k 4→3 =k 3→2 =k 2→1 =k 1→0 . The NONMEM objective function value (OFV) with this model fit was compared with the next model fit in this approach, that is with k 7→6 =k 6→5 =k 5→ 4 =k 4→3 =k 3→2 =k 2→1 ≠k 1→0 . This procedure was continued until the NONMEM OFV revealed no further improvement; (3) DM1 deconjugation occurring in peripheral V 2 and V 3 compartments was tested as above; (4) an alternative model parameterization was tested which assumed that DM1 deconjugation rates were independent of the number of DM1s attached or the conjugations site as described in Gibiansky et al. (14) ; in this approach, k 1→0 was the single deconjugation parameter, and the other intercompartmental deconjugation rate constants were factors of k 1→0 , i.e., k 2→1 =2×k 1→0 , k 3→2 =3×k 1→0 , etc.
The final NONMEM PK model equations describing the individual DAR 0 -DAR 7 moieties and TT following T-DM1 administration are shown below; TT and DAR 0 -DAR 7 concentrations were the dependent variables in the mechanistic model. In total, 24 differential equations were used to describe the eight individual DAR moieties in this system, as each moiety distributes into three compartments, and DM1 deconjugation occurs in the central (C) compartment. For model input, the percentage of each and TT based on ELISA and affinity capture LC-MS data. DM1 molecules (filled circles) are shown linked to trastuzumab in generic locations for illustration only. T-DM1 trastuzumab emtansine, PK pharmacokinetic, TT total trastuzumab, CL TT TT clearance from the central compartment, CL in vivo in vivo antibody clearance from the central compartment, equal to CL TT −k plasma ×V 1 , CLd 2 distributional clearance 2, CLd 3 distributional clearance 3, DAR n n DM1 molecules bound to trastuzumab (drug-to-antibody ratio), k plasma rate constant for antibody degradation in plasma, supported by in vitro data, k n→n−1 rate constant for DM1 deconjugation from higher DAR moiety to next moiety in the chain, V 1 volume of distribution of central compartment, V 2 volume of distribution of peripheral compartment 2, V 3 volume of distribution of peripheral compartment 3. b Schematic of the reduced T-DM1 PK model describing the time course of T-DM1 and TT based only on ELISA data. T-DM1 is defined as any trastuzumab molecule with at least one linked DM1 molecule. DM1 molecules (filled circles) are shown linked to trastuzumab in generic locations for illustration only. CL DEC deconjugation clearance from T-DM1 to unconjugated trastuzumab (DAR 0 ). Additional parameters are as defined in Fig. 1a . T-DM1 trastuzumab emtansine, TT total trastuzumab DAR moiety in the T-DM1 dose product (i.e., T-DM1 DAR3.1 or T-DM1 DAR1.5 ) was seeded into the central compartment (DAR 0,C -DAR 7,C ) at time=0. Each DAR moiety equilibrated with two peripheral (P) compartments (DAR 0,P2 -DAR 7,P2 and DAR 0,P3 -DAR 7,P3 ). When fitting the model to the in vitro portion of the dataset, V 1 referred to the plasma incubation volume (~1 mL), and the clearance processes were not applicable and therefore fixed to 0 (i.e., CL in vivo =0, CLd 2 =0, and CLd 3 = 0). Additionally, the T-DM1 concentration-time, conjugated DM1 concentration-time, cumulative DM1-time, and DAR AVG -time courses were predicted from model equations as shown.
For DAR 6 :
Equations for DAR 5 , DAR 4 , DAR 3 , DAR 2 , and DAR 1 concentrations are modeled similar to DAR 6 , with three compartments per moiety, and input from the higher DAR moiety, i.e., k n→n−1
For DAR 0 (unconjugated trastuzumab):
For TT plasma concentrations [TT] ; (sum of DAR 7,C -DAR 0,C ):
(sum of DAR 7,C -DAR 1,C ) were predicted from the model using the following equation:
Conjugated DM1 concentrations [Conjugated DM1] were predicted from the model using the following equation, where the molecular weights of DM1 and trastuzumab are 737 and 145,532 g/mol, respectively:
The cumulative amount of DM1 equivalents (DM1 eq ) released via deconjugation was predicted from the model using the equation below, where the molecular weights of DM1 and trastuzumab are 737 and 145,532 g/mol, respectively. The notation DM1 eq was used given that DM1, MCC-DM1, and lysine-MCC-DM1 are all catabolites of T-DM1 (6,7).
For DAR 7 :
The DAR AVG time course was predicted from the model using the following equation, where each DAR moiety is multiplied by the number of DM1s conjugated to trastuzumab, and then divided by the TT amount:
Figure 1b shows a schematic of the reduced T-DM1 PK model. This model was fit simultaneously to ELISA measurements of TT and T-DM1 concentration-time data from rat experiments and then separately to data from cynomolgus monkey experiments. T-DM1 is represented by a single compartment within the central compartment (V 1 ) of a three-compartment model. T-DM1, by definition, is any trastuzumab antibody conjugated to at least one molecule of DM1. A single deconjugation parameter (CL DEC ) described the conversion of T-DM1 to unconjugated trastuzumab (DAR 0 ). T-DM1 and DAR 0 distribute (CLd 2 and CLd 3 ) into the two peripheral compartments (V 2 and V 3 ), and are cleared by antibody clearance (CL TT ) processes. The reduced PK model was developed to provide an alternative modeling approach for other ADCs when measurement of individual DAR moieties by this reported affinity capture LC-MS may not be available or feasible.
The NONMEM PK model equations describing T-DM1, DAR 0 , and TT concentration-time courses following T-DM1 dosing are shown below. In total, six differential equations were used. For model input, the percentage of DAR 0 in the dose product was seeded into the central compartment (DAR 0,C ) and the remaining (100% DAR 0 ) was seeded into the T-DM1 central compartment (TDM1c). T-DM1 and DAR 0 equilibrated with the peripheral compartments V 2 (T-DM1 P2 and DAR 0,P2 ) and V 3 (T-DM1 P3 and DAR 0,P3 ). T-DM1 and TT concentrations were dependent variables in the model:
For T-DM1:
For unconjugated trastuzumab (DAR 0 ):
TT ¼ sum of T-DM1 and DAR 0
Data Analysis
Model development was performed using the First-order conditional estimation (FOCE) method with INTERACTION in NONMEM 7.2 (15) and PerlSpeaksNONMEM (PsN) version 2.0 (Uppsala, Sweden) (16) . Concentrations of the individual DAR 0 -DAR 7 moieties, TT, and T-DM1 were log transformed.
Log-normal parameter distributions were used for interindividual variability (IIV), whereas the parameter for an ith individual was represented by Parameter i =typical value×exp(η i ), where η i represents the IIV. The residual error was modeled as an additive error, which corresponds approximately to a proportional error on the untransformed data. The objective function value (OFV) was used for the comparison of nested models, using the log-likelihood ratio test. A difference in OFV of >3.84, corresponding to a significance level of P<0.05, was used for discrimination between two nested models that differed in one parameter (16) .
The number of data samples available from plasma stability, rat PK, and cynomolgus monkey PK studies were 189, 1,091, and 883, respectively.
Model Evaluation
Model evaluations were performed using diagnostic plots and visual predictive checks (VPCs). For VPCs, the 50th percentile with 95% confidence intervals (CI) was obtained by simulating 500 data sets from the final model using the original model building dataset. Observed data was overlaid with model predictions.
Model Predictions
In order to understand the subtleties of T-DM1 PK, concentration-time curves for TT, T-DM1, DAR 0 -DAR 7 , and conjugated DM1 and DAR AVG were simulated in cynomolgus monkeys for a single T-DM1 dose of 3.6 mg/kg and for multiple-dose regimen of 3.6 mg/kg q3w; T-DM1 3.6 mg/kg q3w is the clinical dose regimen. For simulations, the typical parameter estimates (Table II) from the mechanistic PK model fit to cynomolgus monkey data and the preclinical T-DM1 DAR 3.1 dose product, were used.
Further simulations were done to illustrate the utility of the mechanistic model towards designing experiments to elucidate PK drivers of PD response (e.g., antitumor response, adverse effects). Using the two preclinical T-DM1 DAR 3.1 and T-DM1 DAR1.5 dose products, TT, T-DM1, conjugated DM1, and cumulative DM1 eq time courses were simulated in an experimental paradigm which assumed the PK driver of PD response was the following: (1) steady-state T-DM1 trough concentration, (2) steady-state T-DM1 exposure (i.e., T-DM1 AUC), (3) steady-state conjugated DM1 concentration, and (4) cumulative DM1 eq . In this paradigm, the dose of the T-DM1 DAR 1.5 dose product was aligned to match the 3.6 mg/kg q3w T-DM1 DAR 3.1 dose, thus providing a reasonably direct method to test the PK driver assumptions given a relevant test system of PD response. For steady-state T-DM1 trough, conjugated DM1, and cumulative DM1 eq , simulations with Berkeley Madonna software determined 
RESULTS
Model Evaluations
The mechanistic PK model (Fig. 1a) well described the TT and DAR 0 -DAR 7 concentration-time data simultaneously from the in vitro and in vivo studies. Given the final model structure and results, the following assumptions were tested and supported: (1) degradation of TT and DAR moieties occurs similarly in vivo in the central compartment as in vitro with plasma at 37°C;and (2) individual DAR moieties have the same PK disposition regardless of whether they are initially present in the dose product or formed during the deconjugation process. The alternative model parameterization, which tested k 1→0 as a single deconjugation parameter with the other intercompartmental deconjugation rate constants as factors of k 1→0 related to DM1 load, had poorer fits; the NONMEM OFV for the alternative model fit to the rat and cynomolgus monkey data were 98 and 110 points higher, respectively. Figure 2 shows the VPCs for TT and individual DAR moieties from the final mechanistic model fit to rat data. Specifically, the upper panels show VPCs for the in vitro rat plasma stability data; VPCs for the rat T-DM1 DAR 3.1 and T-DM1 DAR1.5 in vivo PK data are shown in the middle and lower panels, respectively. In the upper panels, the left-most ). The DAR panels to the right of TT are VPCs of the individual DAR moieties that comprise TT. DAR 1 and DAR 0 show an increase over time as these moieties have slower deconjugation rates and receive input from the higher DAR moieties.
For the in vivo rat data, shown in the middle and lower panels of Fig. 2 , the VPC trend is similar to the in vitro data but with added in vivo distributional and elimination components. For both T-DM1 DAR3.1 and T-DM1 DAR1.5 , the leftmost panel shows TT concentrations declining over time based on three-compartmental PK behavior. Subsequent panels show profiles of each DAR moiety that comprise TT; for each DAR, the initial concentration corresponds to its percentage in the dose product, and its elimination proceeds at a rate governed by k plasma , CL TT /V 1 , and the respective k n→n−1 deconjugation rate constant. In vivo concentrations of DAR 0 increase over time in the middle panel (T-DM1 DAR 3.1 dose product), as DAR 0 input is primarily from the higher DAR moieties. This increase is masked in the bottom panel (T-DM1 DAR 1.5 dose product) as there was no DAR 7 or DAR 6 and a higher initial percentage of DAR 0 was present. For all analytes, the median line through the observed data falls mostly within the 95% CI of the 50th percentile. Figure 3 shows the VPCs for TT and individual DAR moieties from the final mechanistic PK model fit to cynomolgus monkey data. The upper panels show VPCs for the in vitro cynomolgus monkey plasma stability data; VPCs for the cynomolgus monkey T-DM1 DAR 3.1 in vivo PK data are shown in the lower panels. These results follow the same pattern as in Fig. 2 , as both rat and cynomolgus monkey data were described with the same model structure and the trends for parameter estimates were similar. For all analytes, the median line through the observed data falls mostly within the 95% CI of the 50th percentile.
The reduced PK model (Fig. 1b) simultaneously well described the TT and T-DM1 concentration-time data from the in vivo studies. VPCs for TT and T-DM1 concentrations for rats (0.3, 3.0, and 20 mg/kg) are shown in Fig. 4a and for cynomolgus monkeys (10 mg/kg q3w and 30 mg/kg) in Fig. 4b . The median lines through observed data are within the 95% CI of the 50th percentile. For both the mechanistic and reduced T-DM1 PK models, no indications of model misspecifications were evident from model diagnostic plots (data not shown).
Parameter Estimates
Tables II and III show the final parameter estimates for the mechanistic and reduced T-DM1 PK models, respectively. Relative standard error (RSE) values indicated that most parameters were well estimated. RSE values of the V 2 parameter in rats (Table II) and the V 3 parameter in cynomolgus monkeys (Table III) were >50% and less well estimated; although these parameter estimates had a higher degree of uncertainty, the VPCs showed that the models described the data well.
Values for typical compartmental PK parameters (CL TT , V 1 , CLd 2 , V 2 , CLd 3 , and V 3 ) were estimated using both the mechanistic and reduced T-DM1 PK models and are fundamentally the same. The two modeling approaches yielded similar estimates for CL TT and V 1 in both rats and cynomolgus monkeys but slightly different estimates for CLd 2 , V 2 , CLd 3 , and V 3 ; the difference between the distributional parameters was attributed to the different data used for each analysis (i.e., TT and DAR concentration data with the mechanistic model but TT and T-DM1 concentration data with the reduced model). Of note, PK simulations using the final parameter estimates from both models showed that the TT profiles were similar. This is illustrated with the VPCs in Fig. 3 (mechanistic model) and Fig. 4b (reduced model) for cynomolgus monkeys administered 30 mg/kg T-DM1. As shown, the same TT data is similarly well predicted by both PK parameter results. Fig. 2 . VPCs of TT and DAR 0 -DAR 7 concentrations for the mechanistic deconjugation model fit to data from: top, In vitro rat plasma stability study with 100 μg/mLT-DM1 DAR3.1 ; middle, rat PK study with 10 mg/kg T-DM1 DAR3.1 ; bottom, rat PK study with10 mg/kg T-DM1 DAR1.5 . For all plots, the shaded area is the 50th percentile with 95% CI, and the solid red line is the median of the observed data (blue circles). Both axes are shown on log scale for visualization purposes. DAR n n DM1 molecules bound to trastuzumab (drug-to-antibody ratio), VPC visual predictive check, TT total trastuzumab, PK pharmacokinetic, T-DM1 trastuzumab emtansine
In addition to standard compartmental PK parameters, the mechanistic T-DM1 PK model provided estimates for the individual DM1 deconjugation rate constants and the k plasma rate constant. From the model building procedure, the individual DM1 deconjugation rate constants of k 7 →6 , k 5 →4 , k 4 →3 , and k 3 →2 were found to be equivalent in both species; additional DM1 deconjugation in the peripheral compartments were tested but did not improve the OFV. In both rats and cynomolgus monkeys, DM1 deconjugation rates were fastest for DAR moieties with ≥3 DM1 per trastuzumab and in turn >DAR 2 and DAR 1 . Overall, DM1 deconjugated approximately 40% and 34% faster from DAR 7 -DAR 3 moieties versus DAR 2 in rats and cynomolgus monkeys, respectively. DM1 deconjugation from DAR 1 was the slowest step in the deconjugation chain, approximately 3.4-and 2.7-fold slower than DAR 2 in rats and cynomolgus monkeys, respectively. Values for k plasma were different for rats and cynomolgus monkeys, at 0.156 and 0.0939 day −1 , respectively. The reduced PK model employed T-DM1 clearance via two mechanisms: antibody clearance mechanisms (CL TT ) and deconjugation clearance mechanisms (CL DEC ). In both rats and cynomolgus monkeys, CL DEC was approximately equal to that of CL TT , indicating deconjugation as a major pathway of T-DM1 clearance (Table III) . T-DM1 clearance (CL TDM1 ) was derived as the sum of CL TT and CL DEC values. In both rats and cynomolgus monkeys, CL TDM1 was twice as fast as Fig. 3 . VPCs of TT and DAR 0 -DAR 7 concentrations for the mechanistic deconjugation model fit to data from: top, In vitro cynomolgus monkey plasma stability study with 100 μg/mL T-DM1 DAR3.1 ; bottom, cynomolgus monkey PK study with 30 mg/kg T-DM1 DAR3.1 . For all plots, the shaded area is the 50th percentile with 95% CI, and the solid red line is the median of the observed data (blue circles). Both axes are shown on log scale for visualization purposes. VPC visual predictive check, TT total trastuzumab, DAR drug-to-antibody ratio, T-DM1 trastuzumab emtansine, PK pharmacokinetic Fig. 4 . VPCs of TT and T-DM1 concentrations for the reduced model fit to data from a rat PK study with 0.3, 3.0, and 20 mg/kg T-DM1 DAR3.1 and b cynomolgus monkey PK study with 10 mg/kg q3w and 30 mg/kg T-DM1 DAR3.1 . For each VPC, the shaded area is the 50th percentile with 95% CI, and the solid red line is the median of the observed data (blue circles). VPC visual predictive check, TT total trastuzumab, T-DM1 trastuzumab emtansine, PK pharmacokinetic, DAR drug-to-antibody ratio CL TT indicating a 50% shorter terminal t 1/2 for T-DM1 versus TT. CL DEC was approximately 50% of CL TDM1 in both rats and cynomolgus monkeys, indicating that the overall T-DM1 deconjugation is similar between species. Figure 5a and b show the predicted concentration-time curves for TT, T-DM1, conjugated DM1, and DAR 0 -DAR 7 based on the cynomolgus monkey mechanistic PK model to fully illustrate the system and some subtleties of T-DM1 PK. The average DAR (DAR AVG )-time curve is also shown.
Mechanistic PK Model Predictions
The initial concentration of each DAR moiety derives from its percentage in the dose product divided by the central volume (Fig. 5a) . Only TT and DAR 7 analytes showed the triphasic log-linear disposition; these analytes have only distributional and elimination processes as the intercompartmental deconjugation rates do not affect their disposition. T-DM1 and DAR 6 -DAR 0 moieties are approximately log-linear, as they have additional "formation" component(s) from higher DAR moieties. The DAR AVG curve begins at 3.1 and decreases over time as DM1 molecules deconjugate from individual DAR moieties. The shape of the DAR AVG curve results from the relative initial amounts of each DAR species and the individual DM1 deconjugation rates. Specifically, the more rapid decline to DAR AVG =2 at 6 days arises from the fact that most of T-DM1 dose (DAR 3 -DAR 7 ; 62%) deconjugates faster. The DAR AVG value remains above 1.0 for up to 20 days due to the slower elimination of DAR 0 -DAR 2 . The conjugated DM1 concentration-time curve reflects the amount of DM1 still conjugated to trastuzumab, and its shape derives from the product of the TT and DAR AVG curve.
The terminal half-lives (t 1/2γ ) for TT and unconjugated trastuzumab (DAR 0 ) are equivalent. This is illustrated in Fig. 5a as TT and DAR 0 curves eventually merge together. For the other DAR moieties, t 1/2γ can be calculated from CL TT , V 1 , CLd 2 , V 2 , CLd 3 , V 3 , and the respective DM1 deconjugation rate constant (k n→n−1 ) parameters; the input rate from the respective higher DAR moieties (k n+1→n ) is not involved for calculation of t 1/2γ as these rates are greater or equal to the output rate, and formation rate limited kinetics do not apply. Similar to TT, the t 1/2γ for T-DM1 is equal to that of DAR 1 . This is also illustrated in Fig. 5a as T-DM1 and DAR 1 curves eventually merge together. T-DM1 and DAR 1 t 1/2γ are functions of CL TT , V 1 , CLd 2 , V 2 , CLd 3 , V 3 , and k 1→0 . k 1 →0 describes the rate at which the final DM1 is lost, and thus the transition from T-DM1 to unconjugated trastuzumab. Figure 5b shows model-predicted curves for a 3.6 mg/kg q3w dose to illustrate concepts for the T-DM1 PK system at steady state. First, steady-state T-DM1 maximum concentrations (C max ) and trough concentrations (C trough ) are slightly lower than TT C max and C trough . This arises from the shorter half-life of T-DM1 due to the additional DM1 deconjugation clearance and not due to differences in distributional volumes. Second, the maximum DAR AVG reduces slightly from 3.1 to 2.8 after repeated doses of T-DM1 due to the accumulation of DAR 0 and DAR 1 , which have a longer halflife than the other DAR moieties.
Figure 6a-d shows the mechanistic model-predicted curves using the T-DM1 DAR 3.1 and T-DM1 DAR 1.5 dose products, in which potential PK drivers of a PD response (i.e., steady-state T-DM1 trough concentrations, T-DM1 AUC, conjugated DM1 concentrations, and cumulative DM1 eq ) were simulated. In this experimental paradigm, the use two or more ADC dose products is posited as to help elucidate PK drivers of PD responses. For example, preclinical PK/PD experiments comparing 3.6 mg/kg q3w T-DM1 DAR3.1 and 5.16 mg/kg q3w T-DM1 DAR1.5 (Fig. 6b) would test T-DM1 AUC as a PK driver for some PD response (e.g., adverse effects, biomarker upregulation, and antitumor response). If the PD response is equal between dose products, the hypothesis is supported; if the PD response is greater for the T-DM1 DAR3.1 dose product, conjugated DM1 concentrations or cumulative DM1 eq may be the PK driver; confirmatory experiments as outlined in Fig. 6c, d , respectively, could then be designed.
DISCUSSION
This M&S analysis, to our knowledge, presents the first mechanistic PK model of an ADC, which has integrated the individual ADC DAR moieties and their deconjugation processes. Fundamental questions typically arise when considering ADC disposition, and the mechanistic PK model developed for T-DM1 (Fig. 1a) was instrumental in facilitating the following primary conclusion: (1) the conjugation of DM1 (mol. wt.=737 Da) does not appear to significantly alter the disposition of the parent trastuzumab antibody (mol. wt.=146 kDa)-individual DAR 1 -DAR 7 moieties are shown to be well described alongside DAR 0 (i.e., unconjugated trastuzumab antibody) using the same antibody clearance pathways (i.e., CL TT , CLd 2 , and CLd 3 ) and distributional volumes (i.e., V 1 , V 2 , and V 3 ). The CL TT value for cynomolgus monkeys (17.4 mL/day), determined from the model, is similar to the reported trastuzumab CL value of 5.52 mL/day kg −1 (~19.3 mL/day) (17) . Additionally, the central volume (V 1 ) determined for rats and monkeys reported from the model (11.0 and 148 mL, respectively) approximates the plasma volume for Fig. 5 . Model predictions of TT, T-DM1, conjugated DM1; DAR 0 -DAR 7 concentration-time curves; and DAR AVG -time curve, based on the final parameter estimates from the mechanistic T-DM1 PK model fit to cynomolgus monkey data. The T-DM1 curve is the composite of the seven curves representing DAR 1 -DAR 7 moieties. The TT curve is the composite of the 8 curves representing DAR 0 -DAR 7 moieties. Predictions are for a cynomolgus monkey administered a single dose of 3.6 mg/kg T-DM1 DAR3.1 and b cynomolgus monkey administered multiple q3w doses of 3.6 mg/kg T-DM1 DAR3.1 . DAR AVG average drug-to-antibody ratio, TT total trastuzumab, T-DM1 trastuzumab emtansine, PK pharmacokinetic both animal species (18) , as is typical for trastuzumab and other monoclonal antibodies (17) . We note that if naked antibody PK data is available during model development, such data could be added to the dataset as 100% DAR 0 (i.e., free trastuzumab) and tested via modeling for differences in disposition; notably, the T-DM1 DAR1.5 dose product had 21% DAR 0 present and did not require different clearance pathways or volumes. Additionally, if levels of ADC target receptor data are measured, or if PK data is nonlinear, a target-mediated drug disposition (TMDD) approach may be integrated into the model (14, 19) .
Other conclusions supported by the mechanistic PK model include: (2) DM1 deconjugation appears to occur at similar rates in vitro as in vivo in the central compartment-DM1 deconjugation also occurs inside target cells to provide its antitumor effect; however, this is an elimination route (i.e., component of CL TT ), as intracellular DM1 deconjugation involves degradation of the carrier trastuzumab antibody, which does not reenter systemic circulation intact as a lower DAR moiety; (3) DM1 deconjugates faster from DAR 3 -DAR 7 than from DAR 1 and DAR 2 moieties-this phenomenon is not clearly understood. It can be hypothesized that higher conjugated DAR moieties have more probability to lose DM1 than less conjugated DAR moieties, or alternatively, that they have DM1 molecules that are conjugated to more solvent-accessible lysine residues on trastuzumab, making them less resistant to deconjugation (20, 21) ; and (4) the ratelimiting step for DM1 deconjugation is the k 1→0 parameter-as DM1 deconjugation is the other T-DM1 elimination pathway along with CL TT , DM1 deconjugation is confirmed as the mechanism by which T-DM1 has a faster clearance with respect to its parent antibody trastuzumab.
The mechanistic PK model enabled the prediction of the conjugated DM1 concentration-time and DAR AVG -time curves under single-dose and steady-state dose simulations (Fig. 5a, b) . A similar DAR AVG -time profile was also presented in a mouse PK study for another ADC containing DM1, cantuzumab mertansine, in which the DAR AVG was experimentally measured using radiolabel experiments (22) ; herein, the authors concluded that elimination was a first-order or pseudo first-order process. We conclude that the shape of the DAR AVG -time curve has underlying complex kinetics deriving from the relative initial amounts of each DAR species and the individual DAR deconjugation rates making up the ADC and is not an overall first-order process. The DAR moieties comprising T-DM1 "compete" for cellular uptake via the HER2 receptor on tumor cells; the conjugated DM1 curve incorporates the average DM1 drug load and may be a more appropriate PK representation of drug at the site of action. The mechanistic PK model also enabled the prediction of the cumulative DM1 eq (μg) released from the deconjugation Fig. 6 . Model predictions of TT, T-DM1, and conjugated DM1 concentration-time curves and the cumulative DM1 eq -time curve, based on the final parameter estimates from the mechanistic T-DM1 PK model fit to cynomolgus monkey data; subscripts on plots (i.e., 1.5 and 3.1) indicate whether predictions are from the T-DM1 DAR1.5 or T-DM1 DAR3.1 dose product. Predictions for conjugated DM1 and DM1 eq are equivalent between dose products in Fig. 6c, d , respectively. Predictions are for cynomolgus monkeys administered multiple q3w doses of 3.6 mg/kg T-DM1 DAR3.1 and a 5.8 mg/ kg T-DM1 DAR1.5 ; b 5.16 mg/kg T-DM1 DAR1.5 ; c 8.0 mg/kg T-DM1 DAR1.5 ; and d 7.1 mg/kg T-DM1 DAR1.5 . DM1 eq =DM1 equivalents; TT total trastuzumab, T-DM1 trastuzumab emtansine, PK pharmacokinetic progress (Fig. 6a-d) ; additional PK experiments are necessary to incorporate DM1 disposition into the model in order to directly predict DM1 concentrations-e.g., measuring DM1 concentrations following both IV DM1 and IV T-DM1 dosing.
To date, a PK/PD model of antitumor T-DM1 efficacy (23) and a PK/PD model of T-DM1-mediated thrombocytopenia (TCP) (24) have been developed in which the PD effect was driven by T-DM1 concentrations measured by ELISA. Using the mechanistic PK model developed herein, modelbased approaches towards evaluating additional PK drivers of PD responses may be undertaken. Regarding T-DM1 antitumor efficacy, potential PK drivers include: (1) T-DM1 concentrations, where the binding of the anti-HER2 region of T-DM1 drives response, such that the antitumor effects between DAR moieties are equal; (2) the individual DAR moiety concentrations, where more heavily loaded DARs may have more antitumor effect; and (3) conjugated DM1 concentrations, where the overall DM1 drug load still attached to antibody may more appropriately drive response. Notably, for a monomethyl auristatin E (MMAE)-containing ADC, DAR moieties of two, four, and eight MMAE per antibody had differing PK and antitumor activities in animal models (25) ; here, if individual DAR measurements over time were measured, a mechanistic PK model could be used to assess individual DAR or conjugated cytotoxin concentrations as drivers for tumor response in a PK/PD model building strategy, in addition to ADC concentrations as PK driver approach (23) .
In this M&S analysis, PK data from two T-DM1 dose products (T-DM1 DAR3.1 and T-DM1 DAR1.5 ) were used to develop the mechanistic PK model and to elucidate T-DM1 PK. We posit that, during preclinical drug development, PK/ PD experiments using multiple ADC dose products may be designed to elucidate the PK driver for PD response. With regard to antitumor efficacy, a practical approach using this paradigm would be to develop a similar mechanistic PK model using tumor bearing mouse ADC and DAR PK data from two or more ADC dose products. Model predictions are then done to establish dose equivalencies for various PK drivers for the ADC dose products, as illustrated in Fig. 6a-d for T-DM1 DAR3.1 and T-DM1 DAR 1.5 . PK/PD experiments are subsequently conducted in a tumor bearing mouse model, with hypothesis-driven ADC dose amounts and dose products as described, to elucidate the PK driver for antitumor effect. If coupled with a similar PK/PD approach for any adverse effects, the mechanistic model approach further supports ADC dose and dose product selection towards minimizing toxicity and maximizing efficacy.
As practical limitations may prevent affinity capture LC-MS from being routinely used in clinical ADC analysis, we show that T-DM1 disposition can be described with a reduced modeling approach (Fig. 1b) using ELISA measurements, even though the underlying PK involves multiple processes. Here, T-DM1 concentrations are represented by a single compartment (composite of DAR 1 -DAR 7 ) and a single clearance parameter (CL DEC ) from T-DM1 to unconjugated trastuzumab well describes the divergence of T-DM1 from the TT curve. We note that this "average" deconjugation rate constant (CL DEC /V 1 ) from the reduced model cannot be mathematically derived from parameter values determined in the mechanistic model; the T-DM1 curve, as predicted by the mechanistic PK model, depends on the individual DAR%, the individual deconjugation rates, and antibody clearance mechanisms and does not simplify mathematically. The reduced modeling approach developed for T-DM1 can be also be applied towards preclinical discovery and clinical development of other ADCs by providing a framework for (1) assessing linker stability of ADCs, (2) evaluating methodologies for allometric scaling of ADCs, (3) evaluating PK drivers for PK/PD models of toxicity or efficacy, and (4) optimal PK sampling design. These concepts are discussed further.
ADC-mediated efficacy and toxicity is influenced by the stability of the linker, where the systemic cytotoxin release from less stable linkers results in loss of efficacy and potential for toxicity. From the reduced model, CL DEC can be viewed as a quantitative measure of linker stability, where higher CL DEC values describe a less stable linker, and can, thus, inform ADC design. In addition, CL DEC can be used to evaluate species differences; for T-DM1, CL DEC was approximately 50% of CL TDM1 in both rats and cynomolgus monkeys, indicating that the overall T-DM1 deconjugation is similar between species. The reduced model does not, however, predict the amount nor time course of DM1 released; this involves multiple steps and is dependent on the percentage of DAR in the starting material as mentioned.
With regard to allometry, scaling of antibody clearance from cynomolgus monkeys to humans has been successful given that cynomolgus monkeys are a similar antibody binding species (17) . For ADCs, allometric scaling is somewhat more complex, as multiple analytes (i.e., total antibody, ADC, and DAR moieties) and clearance pathways (i.e., CL antibody, CL in vivo , CL ADC, and CL DEC ) are involved. In a clinical PK analysis of T-DM1, both TT and T-DM1 concentrations were measured after T-DM1 dosing; this analysis found approximately 2-fold higher clearance and 2-fold shorter half-lives for T-DM1 than for TT (26) , identical to results herein for both rats and cynomolgus monkeys. Similarly, results from separate clinical population PK analyses of T-DM1 (27) and trastuzumab (28) indicated that the typical clearance for T-DM1 (0.70 L/day) was approximately 3-fold higher than trastuzumab clearance (0.225 L/day). Allometric scaling for T-DM1 is under investigation using both modeling approaches.
As mentioned, T-DM1 is being considered for front-line treatment of metastatic breast cancer, and HER2-positive patients may benefit from a dual pharmacologic effect of trastuzumab combined with the targeted delivery of T-DM1 (9) . Thus, the measurement of both TT and T-DM1 concentrations is warranted, and a single population model of these two analytes can be developed in the reduced model approach. Moreover, TT and T-DM1 can be evaluated as dual PK drivers of antitumor response. Regarding T-DM1-mediated TCP (24) , CL DEC could be assessed as a correlate for toxicity, given that it is related to the release of DM1; higher CL DEC values in patients may correlate with higher incidence of Grade 3/4 TCP, and this is under investigation. Similarly, CL DEC could be assessed as a correlate for efficacy; lower CL DEC values in patients may correlate with higher incidences of treatment response. Finally, the reduced T-DM1 model can be used to develop an optimal sampling strategy to streamline clinical development, analytical, and time costs so that not only are plasma sampling time points optimized but also the necessary ELISA analyses (i.e., for antibody, ADC, or both) (29) .
